The abbreviations used are: E and α 2 ββ, core RNA polymerase; RpoE and σE, sigma E transcription factor; EσE and α 2 ββσE, holoenzyme complexed to sigma E; Rse, regulator of σE; ∆28RseA, a variant of RseA lacking the first 28 amino acids; rpoER178G, an allele of rpoE encoding a mutant of σE with severely impaired transcriptional activity; Ecf, extracytoplasmic function gene product.
Heat shock and other environmental stresses result in the misfolding of polypeptides in all cells. Escherichia coli responds to the accumulation of misfolded polypeptides by activating the transcription of heat shock genes. Heat is a drastic stress that leads to protein unfolding in general and triggers two heat shock responses controlled by two distinct RNA polymerase species in E. coli: α 2 ββσ 32 and α 2 ββσ E , Eσ 32 and Eσ E , respectively (1, 2) . The unfolding of proteins in the envelope of E. coli uniquely induces the σE regulon, but not Eσ 32 (3, 4) . σE (RpoE) is a member of the extracytoplasmic function (ECF) subfamily of sigma factors which function as effector molecules responding to extracytoplasmic stimuli (3, 5) . Some microorganisms such as Streptomyces coelicolor harbor multiple ECFs that seem specialized in responding to different extracytoplasmic stimuli (5, 6) . The E. coli σE regulon is specifically induced in response to imbalanced synthesis of outer membrane proteins (7) and to misfolding of polypeptides that have been translocated across the cytoplasmic membrane (8) .
Previous work identified several genes that are transcribed by EσE (4) . EσE directs its own expression. rpoE is the first gene of an operon which also contains rseA, rseB and rseC (regulator of sigma E, genes A, B and C (9, 10) . RseA is a short hydrophobic polypeptide that integrates into the cytoplasmic membrane. The N-terminal cytoplasmic domain of RseA binds to σE, sequestering the sigma factor from core RNA polymerase (E) (9, 10) . The C-terminal domain of RseA protrudes into the periplasm, a compartment located between the cytoplasmic and outer membranes of E. coli. The C-terminal domain of RseA interacts with RseB, a periplasmic soluble protein (9, 10) . RseB is believed to sense the concentration of misfolded polypeptides, causing RseB dissociation from RseA and liberating cytoplasmic σE for interaction with core RNA polymerase (11) . Another model suggested proteolytic cleavage of RseA in response to the accumulation of outer membrane proteins (12) . The function of RseC, encoded by the fourth gene of the rpoE operon, remains unknown. EσE also transcribes htrA and fkpA, encoding a periplasmic protease (HtrA/DegP) for the removal of misfolded polypeptides (13, 14) , and a periplasmic peptidyl prolyl isomerase (FkpA) involved in folding envelope proteins (8, 15) . rpoH, encoding the transcription factor σ32 for the cytoplasmic heat shock reponse, is also transcribed by EσE (14) .
Earlier work described the isolation of rpoE knockout mutations (16, 17) . E. coli appears to require rpoE for viability and growth under physiological conditions, as the mutant strains cope with loss of rpoE function by acquiring compensatory mutations (18) . The nature of compensatory mutations as well as the number and identity of the affected genes are still unknown. Even though rpoE seems to be essential, none of the known EσE-transcribed genes (rpoH, htrA, fkpA, rseA, rseB, rseC) are required for either growth or viability of E. coli. Taken together all previous work suggests that EσE must transcribe additional genes that are involved in the folding of envelope proteins. To identify genes that are transcribed by EσE and to approximate the size of the σE regulon, we have used two different experimental strategies. Small DNA segments, generated by fragmentation of the E. coli chromosome, were fused to a promoterless lacZ reporter gene carried on a single copy plasmid. Further, the λMu53-lacZ transposon was used to generate sets of random fusion between the promoterless lacZ reporter and regulatory sequences of the chromosome of E. coli. Screening of both libraries of reporter fusions in various genetic backgrounds identified twenty promoters that activated LacZ expression in a σEdependent manner. A hypothesis is presented to account for the essential function of the σE regulon and to describe the role of the identified genes in responding to misfolded polypeptides within the envelope of E. coli.
EXPERIMENTAL PROCEDURES
Bacterial strains and growth conditions -Most strains used in this study are listed in Table I . Strains carrying promoter fusions of hitherto unknown genes are referred to as ecf-lacZ. Sequences of primers used in this study can be obtained from the authors upon request. Luria Bertani (LB), MacConkey and M9 minimal media were prepared as described (19) . When necessary, media were supplemented with ampicillin (100 µg/ml), spectinomycin (50 µg/ml), tetracycline (15 µg/ml), kanamycin (50 µg/ml) or chloramphenicol (20 µg/ml). The indicator dye 5-bromo-4-chloro-3-indolyl-β-Dgalactoside (X-gal) was used at a final concentration of 40 µg/ml in the agar medium.
Mutations were transduced into various backgrounds using P1 bacteriophage (19) .
Labeling experiments using [ 35 S ]-methionine in the M9 high-sulfur medium were performed as previously described (20).
Construction of promoter fusion librairies -A library of chromosomal
transcriptional fusions was constructed using λMu53-lacZ (Kan R ) (21) . Briefly, strain MC4100 (LacZ -) was mutagenized at 30°C with λMu53-lacZ and colonies were formed on MacConkey plates at 30°C and 43°C. Colonies that developed red staining at 43°C, but not at 30°C, were isolated. The site of λMu53 insertions into the chromosome was determined by DNA sequencing with the oligonucleotide primer (5-GTCATAGCTGTTTCCTGTGTG-3). For this step, DNA regions carrying the λMu53-lacZ fusions were cloned into a cosmid, taking advantage of the λMu53-lacZ Kan R marker. A second library was constructed using the single copy F-based promoter probe vector pFZY (22) essentially as described earlier (23) . Putative EσEregulated promoters identified with this strategy were analyzed by DNA sequencing using the synthetic oligonucleotide described above.
Cloning procedures and gene replacement -The DNA regions corresponding to EσEregulated promoters were amplified by PCR using appropriate primers and cloned into pRS550 using restriction sites BamHI and EcoRI (24) . Plasmids were characterized by DNA sequence analysis and each fusion was transferred on the chromosome of strain MC4100 using bacteriophage λRS45 (24) . Null alleles of the newly identified ecf genes were obtained by cloning wild-type ecf genes into the low-copy-number plasmid pWKS30 (25) . The genes were disrupted with cassettes carrying resistance to either tetracycline or kanamycin (26) . The disrupted genes were cloned into the unique SmaI site of pKO3 which carries a temperature-sensitive replicon as well as the sacB gene for counter selection (27) . Recombinants were transformed into strain MC4100 at 42°C to select for co-integrate formation, and subsequently streaked at 30°C on LB-Tet or LBKan plates supplemented with 5% sucrose. Strains that had lost the plasmid (loss of Cm R ) but retained the resistance marker of the knockout allele were analyzed further. Failure to lose the Cm R resistance provided by the suicide plasmid was indicative of merodiploidy which was observed for ecfA, ecfE and ecfL. Each of the three genes was Primer extension analysis -Total RNA was isolated using the RNeasy kit from Qiagen. Cultures were grown at 30°C and aliquots were shifted to 50°C for a period of either 5 or 10 min. Immediately after the heat shock, cultures were lysed with guanidinium isothiocyanate following the protocol of the Rneasy kit. To define the transcriptional start site(s) of each gene, approximately 10 ng of complementary oligonucleotide probe was annealed with 10 µg of total RNA. Strand extension from the annealed primer was achieved using the avian myeloblastosis virus (AMV) reverse transcriptase. Primer extension products were separated on 8 M urea containing gels and their migration profile was compared by running on the same gel, the dideoxy sequencing reactions using the same oligonucleotide.
Biochemical assays -β-galactosidase activity was determined as previously described (19) . Bacterial cultures were grown overnight at 30°C, diluted 1:100 and allowed to reach OD 595nm between 0.5-0.7. Aliquots were maintained or shifted to 14°C, 37°C, or 43°C for 20 min. Measurements were performed in duplicate and the data represent the average of at least three independent experiments. Two-dimensional equilibrium gel electrophoresis was performed as previously described (28) .
RESULTS

Approximating the number of EσE-regulated genes
To measure the size of the RpoE regulon, we analyzed pulse-labeled E. coli proteins by two-dimensional gel electrophoresis. This technique has been routinely employed for the analysis of heat shock regulation (29) . E. coli strain BL21 (DE3), carrying a plasmid overexpressing rpoE or an empty vector control, was grown in M9 minimal medium to OD 595nm 0.6. Cells were pulse-labeled with [ 35 S]-methionine for 2 min and all further incorporation of radioactivity into polypeptide was quenched by the addition of excess unlabeled methionine. E. coli cells were lysed in buffer containing detergent and ampholytes.
Proteins in the extracts were separated by charge electrophoresis of the ampholytes within the pH range 3.5 -10 and then separated on SDS-PAGE in the second dimension based on their molecular mass. Of the 4,500 polypeptides encoded by the E. coli genome, the two-dimensional gel electrophoresis technique can identify approximately 2,000 proteins. Detergent insoluble, basic and membrane proteins as well as polypeptides expressed at very low levels are excluded from the analysis. To facilitate analysis of the many data spots, black arrows were positioned in the two panels of Fig. 1 that identify proteins of equal abundance for both labeling experiments. As compared to the proteome of wild-type E. coli, σ E -over-producing cells contained thirteen polypeptide spots with significantly increased intensity (empty arrows in Fig. 1B) , suggesting that these polypeptides represent σ E -regulated genes. Further, over-expression of σ E appears to have a negative effect on the regulation of some E. coli genes as the abundance of nine polypeptides was severely diminished as compared to Fig. 1A (circled peptide spots).
Transposon mutagenesis to search for σ E -regulated genes -We sought to
identify σ E -regulated genes by searching for promoter sequences that activate transcription under heat shock conditions (43°C). The λMu53-lacZ (Kan R ) transposon inserts randomly into the chromosome of E. coli and generates fusions of a promoterless lacZ reporter with regulatory sequences flanking the insertion sites. Fifty thousand λMu53-lacZ (Kan R ) E. coli MC4100 mutants were screened by growing colonies at 43°C on MacConkey plates with kanamycin ( Fig. 2) . One thousand mutant red colonies were picked and pooled for further analysis. Our initial screen could not distinguish between RpoE-regulated promoters and those that are transcribed by other polymerases. One thousand λMu53-lacZ (Kan R ) insertions were transduced into E. coli strain SR3206 (surA::Tn10) using bacteriophage P1. Transductants were selected for growth at 30°C on MacConkey agar containing kanamycin. surA encodes a periplasmic chaperone required for folding of outer membrane proteins (8, 30, 31) . E. coli surA mutants express the σ Eregulated promoters htrA and rpoEP2 constitutively, even when cells are grown on agar medium at 30°C (8) . Two hundred transposon transductants of E. coli SR3206 formed red colonies at 30°C. These λMu53-lacZ (Kan R ) insertions were analyzed further and transduced into E. coli strain SR3323 containing RseA encoded on a high-copy-number plasmid. Overproduction of RseA reduces Eσ E RNA polymerase transcription, as the anti-sigma factor sequesters σ E in the cytoplasmic membrane compartment. Seventyeight E. coli λMu53-lacZ transductants formed white colonies on MacConkey agar. The site of transposon insertion in these strains was determined by DNA sequence analysis.
λMu53-lacZ insertions identified nine σ E -regulated genes: htrA, fkpA, cutC, nlpB purA, mdoG mdoH, yggN and ytfJ. yggN and ytfJ were previously identified by genome sequencing, however a physiological role of these genes has not yet been described.
Henceforth, we refer to these genes as ecfF (yggN) and ecfJ (ytfJ), for extracytoplasmic function genes F and J.
Promoter fusions to search for σ E -regulated genes -Our transposon insertion mutagenesis can not identify σ E -regulated genes that are essential for E. coli growth. To identify all RpoE-regulated genes, even those that are essential, 0.8-1.2 kbp DNA fragments were generated by Sau3A digestion of the E. coli chromosome and cloned into pFZY digested with BamHI. pFZY is a single-copy F factor plasmid containing a promoterless lacZ gene downstream of the BamHI site (22) . Recombinant plasmids containing transcriptionally active promoter fusions were selected by transformation of E. coli MC4100 (lacZ -). Transformants were plated on lactose minimal agar at 30°C. Two hundred thousand Lac + colonies were replica plated on MacConkey agar and incubated at 43°C (Fig. 3 ). Ten thousand colonies displayed red staining (Lac + ) under heat shock conditions, representing possible σ E -regulated promoter fusions. The red colonies were pooled, plasmids purified and transformed into E. coli SR3206 (surA::Tn10).
Transformants were plated on MacConkey agar at 30°C and screened for a red colony phenotype, consistent with surA-dependent induction of σ E -transcribed promoters. Ten thousand red colonies were pooled and made competent for transformation with pSR3323, a high-copy-number plasmid encoding rseA + . Transformants were plated on MacConkey agar at 30°C. Three hundred-fifty white colonies were picked. Plasmids were extracted from the pool and used to transform strain SR1502. E. coli SR1502 is an MC4100 variant carrying a mutation in the rpoE gene (rpoER178G) that displays a temperature-sensitive growth phenotype as the mutant of Eσ E polymerase cannot adequately transcribe σ E -regulated genes (16) . To determine whether promoter fusions were transcribed by Eσ E polymerase, SR1502 transformants were plated on MacConkey agar at 30°C. Five hundred transformants formed white colonies on MacConkey agar at 30°C. Plasmids were purified from these strains and analyzed by dot blot analysis for hybridization with three radiolabeled RpoE promoter probes (htrA, rpoEP2 and rpoHP3), revealing fusion of the known htrA, rpoE or rpoH promoters to lacZ. One hundred and twenty plasmids that failed to hybridize in the dot blot experiment were analyzed by restriction mapping and DNA sequence analysis, which identified twenty-two distinct EσE-transcribed promoters are regulated by the rpoE rseA operon -To quantify transcriptional regulation of EσE polymerase transcribed promoters, fusions were inserted into attB (bacteriophage λ attachment site) of E. coli MC4100 and SR3206 (surA::Tn10) using λRS45 as cloning vector (Fig. 4A) . λRS45 lysogens were grown in Luria broth to OD 595 0.5-0.7 and LacZ activity measured in a spectrophotometer using orthonitrophenyl-β-D-galactoside (ONPG) as a substrate. htrA promoter activity was monitored as a control for a known σE-regulated gene. When λ lysogens of the surA mutant strain SR3206 were examined at 30°C, htrA promoter activity was increased by four-fold as compared to wild-type E. coli. All nineteen isolated promoters displayed a similar phenotype with a two-to four-fold increase of reporter transcription in the surA mutant strain (cutC, dsbC, fkpA, htrM, mdoG, nlpB, ostA, rpoD, skp, ecfA, ecfD, ecfE, ecfF, ecfG, ecfH, ecfI, ecfJ, ecfK and ecfL fusions to lacZ) (Fig. 4A) . When E. coli SR1502 (rpoER178G) was lysogenized with λRS45 derivates, the promoter fusions expressed the LacZ reporter only with background activity (Fig. 4B) . Transformation of SR1502 harboring a htrA-lacZ insertion with a plasmid encoding wild-type rpoE led to a twenty-fold increase in expression of LacZ reporter. All nineteen promoter-fusions behaved similarly (Fig. 4B ). Increased expression was also observed in the presence of wild-type RpoE (between ten-to thirty-fold). As a final test to determine whether the isolated promoters are transcribed by EσE polymerase, E. coli MC4100 carrying insertions of λRS45 derivatives were transformed with three different plasmids: pRS3323 (overexpression of wild-type RseA), pRS3076 (overexpression of RseA∆28, a mutant lacking the first 28 amino acids), or pET-24d (control vector lacking RseA) (Fig. 4C) .
As compared to strains carrying the vector alone, all transformants expressing wild-type rseA transcribed between 10 and 60% of lacZ reporter gene. In contrast, expression of the mutant rseA allele (rseA∆28) caused no reduction in reporter transcription. Together these data indicate that the twenty isolated gene promoters are transcribed by EσE RNA polymerase in a manner that is also subject to regulation by RseA. With the exception of rpoD, the promoters were isolated multiple times, suggesting that our search for RpoEregulated genes has been nearly exhaustive. Comparison of the number of isolated gene promoters with the number of σE-regulated protein spots identified by two-dimensional gel electrophoresis corroborates this view further. The search for EσE transcribed promoters identified twentyfour new promoters. At least twelve of the genes transcribed by EσE polymerase encode lipoproteins or membrane proteins. These hydrophobic proteins will not be identified by two-dimensional gel electrophoresis.
Characterization of EσE-transcribed promoters -Promoter sequences were subjected to a BLAST search against the E. coli genome databank, thereby identifying the entire gene sequences (Table II) . Primers were designed to map transcriptional start sites. Total mRNA was purified and used as a template for reverse transcriptase reactions primed with specific oligonucleotides and the generated data are summarized in Table   III . In all cases examined, the transcriptional start sites are appropriately spaced with (Table II) .
Other EσE promoters presumably represent only one out of several other promoters that are transcribed by other RNA polymerases (Table IV) . Close examination of the skp lpxD lpxA fabZ operon revealed the presence of an additional EσE-dependent start site located in front of lpxD (Tables II, III) . Among the nineteen promoter fusions isolated, four identified EσE-dependent internal start sites located in front of the dsbC, nlpB, rpoD and ecfE genes, respectively. Each of these genes is located within a structural operon (Table II) .
Some members of the σE regulon are also regulated by the CpxA CpxR proteins -
CpxAR is a two-component regulatory system that signals environmental stresses and accumulation of unfolded polypeptides in the envelope of E. coli (16, 32) . The phosphorylated response regulator CpxR binds to specific promoter sequences and activates transcription by Eσ70 RNA polymerase. Members of the CpxAR regulon include htrA, dsbA (periplasmic disulfide oxidant) and rotA (periplasmic peptidyl isomerase) (4). To determine whether transcriptional regulation by the CpxA CpxR proteins occurred in vivo, the activity of all twenty isolated promoters was measured in wild-type and cpxR mutant strains. cpxP promoter activity was monitored as a control for a known CpxR-regulated gene (4) . cpxP promoter activity was decreased by 30% in the cpxR mutant strain. The phosphatase PrpA modulates the activity of CpxAR (28) and overproduction of PrpA led to 80% increase of cpxP promoter activity. Of the twenty promoters examined here, dsbC, skp and ecfI behaved similarly to cpxP promoter (Fig.   5 ), whereas all other promoters showed no effect when analyzed in cpxR mutant strains (data not shown). The CpxR binding site has been identified as tandem repeats of the nucleotide sequence GGTNANY. The dsbC, skp and ecfI promoter sequences were found to harbor DNA repeat elements that matched the consensus sequence of CpxR binding sites (Table IV) .
Some σE-regulated genes that are essential for E. coli growth -EσE represents a minor RNA polymerase species and transcribes only twenty of the 4,500 genes encoded by the genome of E. coli. We wondered why rpoE may be essential for E. coli growth.
Two EσE transcribed genes encode sigma factors for major RNA polymerase species, rpoD (α 2 ββ'σ 70 ) and rpoH (α 2 ββ'σ 32 ). rpoD is essential for growth at all temperature. It seems unlikely that EσE transcription of rpoD is essential for E. coli growth, as rpoD is transcribed by multiple promoters and RNA polymerase species. The rpoH gene is also transcribed by several RNA polymerase species and EσE recognizes only one of the three known promoters. Deletion of rpoH is tolerated at elevated temperature upon overexpression of groEL and dnaK operon genes (33) . Thus, if EσE transcription of rpoD and rpoH is not essential, can RpoE-mediated transcription of some other genes be required for E. coli growth?
To test this assumption, ecf gene sequences were disrupted by insertion of Ω elements and cloned on a plasmid carrying a temperature-sensitive replicon and the sacB marker. After transformation of plasmids into E. coli MC4100, single cross-over recombination events with wild-type ecf sequences were isolated by plating bacteria at 37°C, a condition that stalls plasmid replication, and by selecting for plasmid-encoded chloramphenicol transferase activity on Luria agar supplemented with chloramphenicol.
The resulting plasmid co-integrates into the E. coli chromosome are merodiploid and contain two copies of the ecf gene under study, a wild-type and a mutant allele. Growth of co-integrate strains on sucrose containing media serves as a counter-selection for plasmid-encoded sacB, as expression of the sacB gene product leads to the accumulation of toxic metabolites during sucrose fermentation. Thus, when co-integrate strains are streaked on agar medium containing sucrose as well as antibiotic selection for the Ω element, the resulting colonies represent ecf mutants arising from double cross-over recombination. Using this experimental scheme, ecfA, ecfD, ecfF, ecfH, ecfI, ecfJ, and ecfK knockout mutants were obtained. A Tn10 insertional knockout mutation of ecfG had been isolated previously (Satish Raina, unpublished). Two of the isolated knockout mutant strains, ecfG and ecfJ, displayed a temperature-sensitive growth phenotype above 43°C.
Co-integrates that formed after plasmid insertion into ecfE and ecfL could not be resolved, suggesting that these genes may be essential for viability and growth of E. coli. This hypothesis was tested by repeating the resolution of co-integrate strains after transformation with a second plasmid, containing the wild-type ecf gene under control of the arabinose-inducible araBAD promoter. Streaking co-integrates on arabinosecontaining sucrose plates produced the desired knockout mutants, whereas streaking on sucrose media without arabinose failed to produce any colonies. Thus, the chromosomal copy of E. coli expressing plasmid-encoded ecfE or ecfL can be deleted by homologous recombination. The resulting strains henceforth require arabinose-containing media for growth, indicating that ecfE and ecfL are essential genes.
Synthetic lethality and synthetic conditional phenotypes for σE-regulated genes -
Folding of polypeptides in the bacterial cytoplasm is catalyzed by many factors which fulfill partially redundant functions. GroEL-GroES are essential for E.coli growth. DnaK a member of the Hsp70 family, is non-essential for E. coli growth, however cells cannot tolerate the simultaneous loss of DnaK and Trigger Factor (a cytoplasmic peptidyl isomerase encoded by the tig gene) as these catalysts are required for the folding of newly synthesized polypeptides (34, 35) . When tested in the experimental scheme for knockout mutations described above, tig mutants can be obtained in a wild-type E. coli strain but not in a mutant lacking the dnaK gene; this phenotype is referred to as synthetic lethal. In other cases, deletion of a single gene may produce no phenotype, however deletion of two genes whose products act on the same pathway may restrict viability and growth of E. coli cells, causing a synthetic conditional-lethal phenotype at elevated temperatures. We tested various mutant strains carrying deletions of σE-regulated genes for a synthetic phenotype. Some of the relevant data are reported in Table V . E. coli cells cannot tolerate the loss of genes encoding two main periplasmic folding factors, skp and fkpA. The following double mutants dsbC/htrA, skp/htrA, fkpA/htrA display a synthetic conditional-lethal phenotype. Thus, at elevated temperatures E. coli cells require HtrA protease to remove misfolded polypeptides in the periplasm, a condition that is aggravated when specific folding catalysts are non-functional. Loss of both fkpA and surA also leads to a synthetic conditional lethal phenotype. When combined with htrA, the triple mutant fkpA surA htrA is non-viable (Table V) .
Cold shock weakly induces the σE regulon -The σE regulon can be viewed as providing essential folding functions for proteins that are located in the bacterial envelope. An increase in temperature (38-45°C) weakens the interactions that maintain the three dimensional structure of polypeptides at physiological temperature (25°C-37°C): hydrogen bonds, ion bonds as well as van der Waal's forces. Other conditions that alter the above mentioned parameters of protein folding and stability should therefore also induce the σE regulon. We wondered whether a reduction in temperature (14-24°C) could induce the σE regulon. E. coli cold shock appears to be a regulated response requiring many genes, however a specific sensing or transcriptional regulatory mechanism has thus far not been established. Using MC4100 strains carrying single copy insertions of σE-regulated promoters fused to lacZ, we observed about 20% to 30% increase in transcription after incubating cells for one hour at 14°C (Fig. 6) . Thus, rapid reduction of ambient temperature also stimulates EσE polymerase, causing a small increase in the expression of folding catalysts.
DISCUSSION
EσE RNA polymerase is thought to be dedicated to expressing folding catalysts that act on proteins in the bacterial envelope. Here we measured the size of the σE regulon with two methods: two-dimensional gel electrophoresis of RpoE induced cells and cloning of RpoE-regulated promoters. Results from both experiments as well as previous work suggest that EσE transcribes some fourty-three genes. We describe here twenty new promoters that are recognized by EσE RNA polymerase. Some of the genes regulated by EσE were hitherto unknown and have been designated ecf, for extracytoplasmic encoding function. Some of the encoded gene products are located in the periplasmic space and act directly on misfolded proteins: DsbC, FkpA, HtrA, Skp, and SurA. Some other gene products are located in the bacterial cytoplasm and serve regulatory functions that coordinate the expression of the σE regulon with environmental conditions. RpoE, RpoH and RpoD represent components of various RNA polymerase species, whereas RseA, RseB and RseC regulate the availability of σE for core RNA polymerase. Several σE-regulated gene products are involved in the synthesis of lipopolysaccharide, a component of the outer membrane of Gram-negative bacteria.
Lipopolysaccharide has been proposed to act as a co-factor for the membrane assembly of outer membrane proteins, a pathway which appears to require Skp activity (8) . Skp has also been shown to play other roles in envelope assembly (36) . It seems noteworthy however that skp mutant cells contain increased amounts of lipopolysaccharide within the periplasm (36) . It is as if deletion of the presumed folding factor (Skp) may lead to the simultaneous accumulation of its co-factor (lipopolysaccharide). The rfaDFCL and lpxDA genes provide known components of the lipopolysaccharide biosynthetic pathway and are transcribed by EσE polymerase. In fact, the lpxD lpxA fabZ genes are regulated by two σEdependent promoters: one placed in front of skp (the first gene of the operon) and a second one in front of lpxD. Our preliminary results suggest that the ecfABC gene products may also be involved in the lipopolysaccharide biosynthetic pathway (unpublished data).
Two σE-regulated genes encode proteins with sensory functions. MdoG is involved in coordinating cellular pressure with the biosynthesis of periplasmic membrane-derived oligosaccharides (37), whereas CutC has been postulated to be involved in copper homeostasis (38) . The requirement of these gene products for protein folding in the periplasmic space is not immediately apparent. In this and perhaps in other cases, the presence of a σE promoter may provide growth advantages for the E. coli host that are not related to protein folding. The largest group of σE-regulated genes encode proteins located in the inner (NlpB, EcfD, EcfG, EcfI, EcfL) and outer membranes (EcfK and EcfM). The precise function of these proteins remains to be established. However, it is conceivable that the membrane proteins act directly on misfolded membrane proteins and promote either polypeptide degradation or insertion into the lipid bilayer. Alternatively, membrane proteins may be involved in the transport and assembly of lipopolysaccharide into the physiological bilayer structures.
Two new members of the RpoE regulon were observed to be essential ecfE and ecfL.
Because these genes appear to be transcribed by several RNA polymerases (data not shown) and have no definitive function attributed, it is impossible to draw conclusions as to why the σE regulon is essential for E. coli growth. EcfE appears to be a member of a large group of proteases designated RIP (Regulated Intramembrane Proteolysis).
Proteases of the RIP family are needed for diverse functions such as lipid metabolism, cell differentiation and response to unfolded proteins (39,40). We are currently investigating the role of EcfE in signaling envelope stress in E. coli.
In summary, the σE regulon has evolved to control at least two cellular processes, folding of polypeptides in the bacterial envelope and biosynthesis/transport of lipopolysaccharide. Conditions that cause unfolding of polypeptides are signaled by the RseA and RseB proteins (11) . It is conceivable that the σE regulon can sense and respond to changes in lipopolysaccharide metabolism. Our future work will address this possibility. 
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